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Abstract 
As solar energy is a variable power source, solar power plants are facing transients that are not experienced in conventional 
power plants such as nuclear or fossil ones. It is thus of primary importance to be able to simulate the dynamic behavior of the 
solar plants for their design and operation. The regulation modes have to be decided and the operation strategy has to be 
optimized. Using concentrated solar energy enables to convert solar power into heat before running thermodynamic cycles. 
Thermal inertia of the systems along with possible heat thermal storages help to smooth solar variations provided that these 
systems can be managed dynamically. Two solar power plants (with oil or water/steam as heat transfer fluid) are simulated with 
Dymola using Modelica code.  The solar power plant using oil as heat transfer fluid is already running and preliminary results are 
compared with simulated data. Concerning the solar steam power plant, the model is run to investigate the regulation scheme of 
the plant that will be commissioned at the end of 2013. For both plant a DNI perturbation is tested and results are discussed 
concerning the system response and possible improvements.  
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1. Introduction 
Solar energy is a serious alternative to other non-renewable energy sources as fossil or nuclear ones. The main 
challenge to deal with this energy is its variability along the day (sunrise, sunset, clouds…). Concentrated solar 
energy is particularly suitable to cope with this problem since it converts solar radiations into heat before producing 
electricity in a thermodynamic cycle. On the one hand, thermal inertia of solar power plants permits to tackle short 
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term variations of the resource. On the other hand, thermal storage offers also dispatchability. Consequently, it 
appears that the dynamic of these systems is of primary importance in order to operate and regulate them in the best 
way. Dynamic simulations are more and more used in order to have a better understanding of the transient behavior 
of the solar systems. For example Birnbaum et al. [1] studied the temperature stability of a direct steam generation 
solar power plant. The model shows that controlling the output pressure and temperature within turbine acceptance 
limits is a challenging task. They also propose to add thermal inertia to smooth these deviations. A transient model 
of a solar field equipped with a two tank thermal storage has also been studied by Powell et al. [2]; adding a storage 
system provides the invaluable benefit of taking an intermittent energy source and converting it to a constant power 
source. Dynamic simulations also bring the opportunity to virtually test regulation schemes [3]. Homemade tools can 
be used [4], commercial tools can be adapted [5] or specific libraries can be developed (TRNSYS-STEC [6], 
MODELICA Thermosyspro [7], Thermopower [8], ….) . At CEA-INES, dynamic models of Fresnel solar plants are 
being developed either with oil or water/steam as heat transfer fluid. The objective is to be able to simulate the 
transients of the solar power plants (starting, cloud passages…) and to be able to control and test their regulation. 
The plants are simulated with Dymola using Modelica language; the Thermosyspro library is used and extended. In 
this work, two types of solar Fresnel power plants are modelised: one with oil as heat transfer fluid, one with 
water/steam. In the first case, only the temperature of a liquid flow at moderate pressure has to be controlled. Oil or 
molten salt also provide storage possibilities (i.e. two tank storage or thermocline [9]) but a heat exchanger is 
required to feed a steam turbine or an Organic Rankine Cycle. In the second case, a two-phase flow is obtained and 
thus the control variables are both temperature and pressure. Nevertheless, steam at temperature above 450 °C can 
directly feed a steam turbine with the elimination of an intermediate steam generator [10]. The storage of high 
temperature steam is still challenging but latent heat storage appears as a good candidate [11]. In this paper, each 
plant will be described in terms of process diagram, regulation principle, and the stability of the output parameters of 
both solar fields will be discussed depending on each technology. 
2. Dynamic simulations of a Fresnel solar power plant with oil as heat transfer fluid  
2.1. Experimental prototype 
The Fresnel prototype is located in Cadarache (Southern France - latitude=43.69°, longitude=5.76°), not far from 
Marseille where the first Fresnel prototype was built by Giovanni Francia [12]. The system (Fig. 1) is composed of 
two north-south oriented solar fields. The fluid is going from north to south in the first one and returns in the second 
one in such a way that piping and thermal losses are limited. Each solar field is composed of ten 50 m length rows of 
mirrors. The total solar field mirror surface is 1000 m². The heat transfer fluid is synthetic oil and the maximum exit 
temperature is 300°C. The flow-rate ranges between 2000 kg/h and 7000 kg/h as function of the solar field inlet-
outlet temperature difference. An Organic Rankine Cycle along with a thermocline thermal storage give the 
opportunity to test the combination of all the mains part of a solar thermal plant but will not be addressed in the 
following. The plant is equipped with temperature sensors (high precision calibrated platinum resistance temperature 
detectors) and Coriolis-type flowmeters. The input and output temperatures of each solar field are monitored. A 
Kipp&Zonen CHP1 Pyrheliometer for on-site DNI measurement in the spectral range 200 to 4000 nm with a daily 
uncertainty of 1% is also available on site. All the variables are stored and available for interpretation. 
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Fig. 1. Simplified flowsheet of the prototype installation 
2.2. Dynamic model 
A numerical model was developed to simulate the dynamic phenomena of the power plant (Fig. 2). Following the 
fluid flow from the exit of the heat sink on Fig. 2, one can observe a temperature sensor (MT1), a static centrifugal 
pump P1, a dynamic volume, MT2, the piping of the first solar field, MT3, the piping between both solar fields, 
MT4, the piping of the second solar field, MT5, a pressure loss, the expansion tank containing 4000 L of oil, MT6, a 
second pressure loss and the heat sink. All these modules were developed on the basis of the Thermosyspro library 
but have been adapted to be usable for oil as the corresponding heat transfer fluid. Pressure drops and convective 
heat transfer models were modified in order to consider the laminar/turbulent flow transition during the starting 
procedure. Mirrors focalization is adjusted against a maximum wall temperature. As an approximation, heat transfer 
and regular pressure loss coefficients are smoothed between laminar and turbulent flow, so that the numerical model 
could converge (continuous and differentiable expression). 
For the time being, the Organic Rankine Cycle (ORC) is simplified by a heat sink since the work concentrates 
rather on the behavior of the solar field. Two regulations have been implemented: one is looking at keeping the exit 
temperature of the heat sink at 155°C which is the exit temperature expected from the ORC. This is done by 
adjusting the heat sink value. During the starting procedure, this regulation is started only when the inlet fluid 
temperature of the first solar field reaches 155°C since the whole installation has to be preheated before operation. 
When the outlet fluid temperature of the second solar field reaches 255°C a second regulation is also turned on: the 
goal is to maintain this target temperature with the oil flow-rate as a variable. For both regulations a limited PID 
(Proportional-Integral-Derivative) controller is used so that the variables keep in a physical range. 
The model also uses an optical model and a thermal model considering the cavity receiver, the tube wall and the 
flow in the tube. The optical model is an efficiency matrix of the system calculated for longitudinal and transversal 
angles defining the sun position throughout the year. The angle step is 10°. This matrix was calculated with Zemax 
ray tracing model [13]. It gives the flux reaching the window of the cavity. An iterative model [14] of the receiver 
which is very similar to the trapezoidal cavity studied by Natarajan et al. [15] and Singh et al. [16], is implemented 
in order to solve the energy balance on the window, on the tubes and on the insulating layer. By exchanging data 
from the dynamic tube model, the heat transfer coefficient in the tube is recovered and used to determine a wall 
temperature. Finally, the efficiency of the receiver is determined and the available power is transmitted to the 
dynamic tube wall module which is connected to the dynamic tube. Each receiver is discretized within 10 sections. 
The input required for the simulator is the sun position and DNI (Direct Normal Irradiation). Ambient temperature 
has little effect on the efficiency and is assumed to be constant (25 °C). 
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Fig. 2. Screenshot of the Modelica model of the plant 
2.3. Results 
In order to check that the dynamic behavior of the solar field model is compatible with the real one, a test similar 
to a Dirac impulsion was carried out so as to validate the transient model, especially concerning the system inertia. 
The flowrate was kept constant in the installation and after stabilization on a working condition, a “cold wave” was 
generated at the entrance of the solar field (Fig. 3). It is thus possible to follow the trip of this wave along the solar 
field. Temperature sensors on the simulation and on the prototype are positioned on equivalent locations. It can be 
noted that the wave has a longer trip than the flow (residence time defined has the ratio between the volume of 
piping and the volume flow-rate). The difference characterizes the inertia of the system which tends to delay and 
smooth the perturbation. On Fig. 3, the experimental wave passes on MT2 at 550s (value taken on the minimum). It 
exits at 996s on MT5 that is to say a “trip” of 7.4 min. The simulated trip is 5.9 min long, which is smaller and can 
be explained by the fact that the real inertia is higher than the one considered in the model. The insulating layer can 
be the cause of this additional inertia which is not taken into account. If 1 mm thickness is added to all the piping, 
the simulation shows a similar residence time to the experimental one. If the thickness is null, the time for the wave 
to cross the solar field corresponds to the residence time (3.6 min) since there is no inertia any more. 
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Fig. 3. Effects of a Dirac impulsion in the solar field 
A simulation and an experimental run are compared in Fig. 4 for a sunny day. There is a good agreement between 
experimental and simulated temperatures. It can be seen that the installation has not been started at the earliest 
possible time, since according to the simulation, it would have been possible to reach the targeted temperature 15 
min before. The shutdown of the installation happens approximately at the same time in the simulation, it is slightly 
later due to the fact that the power is marginally overestimated and consequently the minimal flow-rate is reached a 
bit later. The oscillations observed on the experimental curves are due to the shadow of the receiver on the mirrors 
along the day. This is not represented by the simulation because the angular mesh for the optical efficiency matrix is 
too coarse. A simulation was also made with a reduced DNI from 900 W/m² to 100 W/m² during 6 min (simulation 
of a cloud passage) in order to predict the transient behavior that can be expected without defocusing (Fig. 5). It 
shows that even under this drastic condition, the expansion tank exit temperature (MT6) is practically undisturbed. 
The minimum power recovered at the heat sink during transient is about half the thermal power evacuated just 
before the perturbation. It shows the stability of the concentrated solar power system in comparison with a 
photovoltaic farm for which a 90% decrease of the insolation corresponds roughly to a 90% decrease of the 
production (no inertia) which is hard to handle on the grid. 
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Fig. 4 Input and output temperatures for a real experimental run and for a dynamic simulation along with DNI for a sunny day 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Input and output temperatures for a dynamic simulation along with DNI in case of a cloud passage 
3. Dynamic simulations of a Fresnel solar power plant with water/steam as heat transfer fluid 
3.1. Description of the plant 
Another numerical model has been developed to simulate dynamic phenomena in steam power plants, in the 
perspective of the construction of a new prototype. This prototype is expected to be commissioned before the end of 
2013 and will also be located in Cadarache. The prototype was partly dimensioned thanks to the dynamic model. 
The experimental results will help to improve our models and to facilitate the control of future power plants.  
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Fig. 6 Simplified flowsheet of future power plants 
The system (Fig. 6), is composed of a north-south oriented solar field. It has two regions: the vaporizer and the 
superheater. Both are associated with sixteen rows of mirrors but are of different lengths: 75 m for the vaporizer and 
25 m for the superheater. A steam separator is located in between these two sections to ensure a dry steam in the 
superheater. The property of the delivered steam is 110 bar and 450°C for the superheater at nominal conditions. 
Flow-rate can be varied between 0.2 t/h and 2 t/h. To control the output temperature in the superheater, two 
desuperheaters are used. A storage system with three temperature stages can provide steam during 6 hours after the 
sunset. The storage system can also tackle a high steam delivery variation from the solar field, usually caused by 
cloud passages. In this paper, only the numerical model of the solar field is presented (dotted rectangle in Fig. 6). 
3.2. Dynamic model 
To simulate dynamic phenomena in the solar fields, a numerical model has been developed (Fig. 7). The input is 
a volumic flow source at a given temperature, simulating a volumetric pump. The flow rate of the solar field is 
regulated by a PI controller that enforces the inlet fluid flow in the evaporation section with the separator level as a 
variable. A small part of this fluid flow feeds desuperheater valves (VR412 and VR414, Fig. 7) whereas the other 
part supplies the vaporizer. The recirculation between the steam separator and the vaporizer is ensured by a static 
centrifugal pump. The steam quality at the output of the vaporizer is regulated by controlling the flow rate ratio 
between the vaporizer and the centrifugal pump. The turbine is simulated by a fixed orifice (fixed pressure drop 
coefficient) calibrated in order  to reach the nominal operating pressure in the circuit at nominal flow. 
Concerning the heat input, an external receiver model is used. As a function of the solar heat flux during the day, the 
flux on both receivers (vaporizer and superheater) is determined and the section efficiency is estimated according to 
their mean working temperatures so as to estimate the absorbed heat. While the pressure losses are taken into 
account, neither thermal losses nor the change in height for the rest of the piping are accounted for.  
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Fig. 7 Screenshot of the Modelica plant model 
3.3. Results 
As for the plant with oil as heat transfer fluid, results for a sunny day and for a day with a cloud passage were 
obtained. For these simulations, the plant start-up is not simulated and the initial conditions are set at 9 a.m. in the 
process.  
During the sunny day, the system is stable (Fig. 8). Interestingly, it can be observed that the output temperature 
from the superheater is nearly constant during the whole simulation. The desuperheater valves are mostly working 
with a constant opening, so that they did not require being very reactive.  
 
Fig. 8 Superheater temperatures for a dynamic simulation along with DNI in case of a sunny day 
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Concerning the cloudy day (Fig. 9), the model is able to simulate the same cloud passage as the one described in 
part 2. With the solar power downfall, steam is flashing from the separator compensating the flow rate downfall. 
Nevertheless, both pressure and temperature fall before the sun comes back. 
The delivered steam has to respect operation limits of steam turbines: a maximum temperature 8°C higher than 
the rated temperature that is 458°C and a steam temperature transient smaller than 5°C/min [1].  
During the cloud passage, the temperature at the output of the superheater (T_SH3) first decreases to 375.1°C and 
then increases up to 455.5°C, without defocusing.  
The temperature variation is less than 5°C/min during 3 min, and then the maximal temperature transient reaches 
18.2°C/min. It must be noticed that these raw data does not take into account the tubing length from the solar field 
output to the steam turbine entrance.  
 
Fig. 9 Superheater temperatures for a dynamic simulation along with DNI in case of a cloudy day 
 
Fig. 10 shows the reactivity of the desuperheater valves, for the transient response of the solar field. 10 min after 
the beginning of the cloud passage (T_SH3=447°C), the valves start to close. From an opening of 25%, they go to 
5% opening (minimal) in 60 s for VR412 and 80 s for VR414. During the period of DNI increase, both valves pass 
to about 85% in 40 s. These results show the different dynamics our models are submitted to during a sunny and 
cloudy day and the difficulty to tune a controller to handle both slow and fast phenomena. 
 
  
Fig. 10 Control of the opening valves in case of a cloud passage (whole day on the left and focus on the cloud passage period on the right) 
1510   S. Rodat et al. /  Energy Procedia  49 ( 2014 )  1501 – 1510 
 
A numerical model taking into account the thermal storage is under development. More complex controllers will 
then be studied on the example of what has already been done for the parabolic trough [17]. For the selected DNI 
profile, the inertia and/or control of the system is not sufficient to keep steam parameters within the turbine 
requirements. The thermal storage would allow to smooth the variations of the outlet temperature. In this case a 
weather forecast [18] should allow better anticipation of the transition from storage to discharge mode and thus 
better mitigation of the variations at the turbine inlet.  
4. Conclusion 
Dynamic models of Fresnel power plants have been developed either with oil or water/steam as heat transfer 
fluid.  
Concerning the power plant using oil as heat transfer fluid, the inertia of the dynamic model has been validated 
according to an experimental Dirac impulsion. The simulation also permits to simulate the starting and shutting 
down of the plant along with the exit temperature regulation. It is possible to increase the stability of the exit 
temperature by flowing through the expansion vessel that increases the inertia of the system.  
As far as the steam power plant is concerned, a transient model is proposed. This model helped to define a future 
prototype and shows how the steam exit temperature is affected for the same DNI perturbation as for the first 
prototype. Steam quality is a challenging task since pressure and temperature have to be controlled. Improved 
control schemes are currently investigated.  
Solar energy is intrinsically variable and thus dynamic tools are required to improve the control of solar plants 
but also to optimize the production and manage storage capacities. 
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